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ABSTRACT

Silicon dioxide (SiO,), in its amorphous form, is an approved direct food additive in the
United States and has been used as an anticaking agent in powdered food products and as
a stabilizer in the production of beer. While SiO, has been used in food for many years,
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there is limited information regarding its particle size and size distribution. In recent years,
the use of SiO, food additive has raised attention because of the possible presence of nano-
particles. Characterization of SiO, food additive and understanding their physicochemical
properties utilizing modern analytical tools are important in the safety evaluation of this
additive. Herein, we present analytical techniques to characterize some SiO, food additives,
which were obtained directly from manufacturers and distributors. Characterization of these
additives was performed using dynamic light scattering (DLS), transmission electron micros-
copy (TEM), field emission scanning electron microscopy (FE-SEM), and single-particle induct-
ively coupled plasma mass spectrometry (spICP-MS) after the food additive materials
underwent different experimental conditions. The data obtained from DLS, splCP-MS, and
electron microscopy confirmed the presence of nanosized (1-100 nm) primary particles, as
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ICP-M
well as aggregates and agglomerates of aggregates with sizes greater than 100 nm. SEM (SpICP-MS)

images demonstrated that most of the SiO, food additives procured from different distribu-
tors showed similar morphology. The results provide a foundation for evaluating the nano-
material content of regulated food additives and will help the FDA address current
knowledge gaps in analyzing nanosized particles in commercial food additives.

Introduction recently when the safety of SiO, was evaluated by
European Food Safety Authority (EFSA) because of
the possible presence of nanomaterials. The EFSA
reevaluated the safety of SiO, and concluded that
there is no indication of toxicity for SiO, at the
reported uses and use levels as well as no carcino-
genic effect or genotoxicity concern with the use of
this food additive (Younes et al. 2018). The panel
determined that the EU’s specifications for silicon
dioxide (E551) are inadequate to characterize SiO,
when used as a food additive (Younes et al. 2018).

Silicon dioxide (SiO,), a white metal oxide in its
amorphous form, is an approved direct food addi-
tive in the United States (Code of Federal
Regulation). It has been used as an anticaking
agent in powdered food products, a stabilizer in
the production of beer, and an adsorbent for dl-
alpha-tocopheryl acetate and pantothenyl alcohol
in tableted foods for special dietary use for many
years (21 CFR 172.480) (Code of Federal

Regulation). As per FDA regulation, the use of
SiO, as an anticaking agent in food should not
exceed 2% by weight of the food (Code of Federal
Regulation). In the European Union (EU), the use
of SiO, food additive (which has a regulatory desig-
nation of E551) did not raise any attention until

In general, SiO, as a food additive was approved
prior to the advent of nanotechnology, and it is
important to continue to assess and monitor the
food additive in the light of new scientific develop-
ments and advancements in methodology. As sci-
ence evolves and new technologies are developed,
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our understanding of the potential implications
and risks associated with the additives may change.
Moreover, advancements in analytical methodology
have enabled us to assess the properties of materi-
als, including food additives, at the nanoscale level,
and provide us with a deeper understanding of
their characteristics, which are important in the
safety evaluation of these materials (Mattarozzi
et al. 2017).

SiO, food additive is a particulate material and
the occurrence of nanosized particles (1-100 nm)
during its production is very likely (Dekkers et al.
2011; Peters et al. 2012). Although several studies
have been conducted to characterize synthesized
SiO, NPs, only a few studies have focused research
efforts on SiO, food additives (Otsuki et al. 2010;
Kirsten Rasmussen et al. 2013; Barahona et al.
2015; 2016; Bolea-Fernandez et al. 2017; Guo et al.
2018; Shin et al. 2019; Alasonati et al. 2021).
Barahona et al. have reported characterization of
silica NP size standards (ranging from 20 to
150 nm) as well as several synthetic amorphous sili-
cas utilizing several analytical techniques (Barahona
et al. 2016). Several groups have described the use
of asymmetric flow field-flow fractionation coupled
to multi-angle light scattering and/or inductively
coupled plasma mass spectrometry (ICP-MS) to
characterize various silica NPs size standards
(Aureli et al. 2015; Barahona et al. 2015; Alasonati
et al. 2021). Otsuki et al. measured the particle size
distribution of silica NPs (5nm) using an inter-
active force apparatus under different voltage set-
tings and results were later compared using
dynamic light scattering (DLS) and transmission
electron microscopy (TEM) (Otsuki et al. 2010).
Studies have been reported with food grade silicon
dioxide; however, a comprehensive analysis of SiO,
food additive is still limited (Dekkers et al. 2011;
Yang et al. 2016). Characterization of nanomaterials
is a complex process; one single analytical method
is not enough to completely characterize the mater-
ial (Contado et al. 2016; Kumar et al. 2019). In this
regard, use of multiple complementary analytical
techniques is necessary for a comprehensive charac-
terization of nanosized particles, if present, in SiO,
food additive.

Characterizing the physicochemical properties of
nanomaterials utilizing various analytical techni-
ques is essential to assess the safety of their use in

food additives. Among all the physicochemical
properties, particle size and size distribution are
key characteristics that set nanoparticles apart from
their bulk materials. A frequently used method for
this purpose is DLS which provides a particle size
profile of NPs (Zheng et al. 2016; Ramos 2017;
Carvalho et al. 2018). Another common method in
analyzing NPs is electron microscopy which allows
visualization of particle shape, size, and morph-
ology (Mattarozzi et al. 2017; Vladar and
Hodoroaba, 2020). Both TEM and scanning elec-
tron microscopy (SEM) are widely used techniques
in characterizing nanomaterials by electron micros-
copy (Smith 2015; Rostamabadi et al. 2020). While
TEM provides information on the size, shape, and
degree of particle aggregation, SEM provides infor-
mation on the morphology and surface characteris-
tics of the particles (Smith 2015; Vladar and
Hodoroaba, 2020). In recent years, spICP-MS has
emerged as a viable method to determine the par-
ticle size, size distribution, and number concentra-
tion of nanomaterials (Donovan et al. 2016; Bolea-
Fernandez et al. 2017; Mattarozzi et al. 2017).
Together, all these analytical techniques will pro-
vide a more comprehensive picture of the proper-
ties of the nanosized particles in SiO, food
additive.

The objective of this research was to perform a
detailed analysis of SiO, authorized as a food addi-
tive in the USA. We aimed to methodically investi-
gate the occurrence of nanosized particles in SiO,
food additive following four experimental condi-
tions. The characterization of this additive was per-
formed using DLS assay, TEM, field emission-SEM,
and spICP-MS techniques. The data acquired will
serve as a foundation for the comprehensive ana-
lysis of nanoparticle content in regulated food addi-
tives. Additionally, these results will enable the US
FDA to address current knowledge gaps on the
presence of nanosized particles in commercial food
additives and their particle size and morphology.

Materials and methods
Samples

Commercially available SiO, food additives were
procured from manufacturers/distributors or pur-
chased from suppliers within the USA. All food



additives were received as white dry powder and
stored in a clean, dry environment. A total of six
samples were received from four different sources
and labeled with a unique name for anonymity
purposes. The samples were labeled with an
alphabetical letter and numerical number, where
the alphabetical letter represents the manufac-
turer and numeric number represents the sample
number from the same manufacturing company
(A, B, C1, C2, D1, and D2). These SiO, food
additives are verified samples explicitly intended
for use as food additives. Due to proprietary con-
straints, we are unable to disclose specific details
regarding these additives.

Materials

Silicon dioxide NPs (200, 300, 400, 500, and
800 nm) suspended in water were purchased from
nanoComposix (San Diego, CA, USA). Mean par-
ticle diameter, mass concentration, and particle
number concentration of silicon dioxide NPs were
provided by nanoComposix. Nanosphere Size
Standards (polystyrene) were purchased from
ThermoFisher Scientific (Waltham, MA). Silicon
standard solutions were supplied by the National
Institute of Standards and Technology (NIST)
(NIST SRM 3150 (Silicon (Si) Standard Solution;
Lot No. 130912) (Gaithersburg, MD, USA)).
Concentrated hydrofluoric acid (HF) was pur-
chased from GFS Chemicals, Inc. (48%, ACS
grade; Powell, OH, USA). Tetramethylammonium
hydroxide (TMAH; 25%, mass fraction aqueous
solution) was purchased from Alfa Aesar
(Haverhill, MA, USA). Stericup Quick Release-GP
Sterile vacuum filtration systems (0.22um pore
size; PVDF membrane) and Nalgene Rapid-
Flow™ disposable filter units (0.8 um pore size;
cellulose nitrate membrane) were purchased from
Fisher Scientific (USA). Formvar/carbon-coated
200 mesh copper grids were procured from Ted
Pella (Redding, CA, USA). Certain commercial
equipment, instruments, and materials are identi-
fied in this paper to specify an experimental pro-
cedure as completely as possible. In no case does
the identification of any particular equipment or
materials imply a recommendation or endorse-
ment by the National Institute of Standards and
Technology nor does it imply that the materials,
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instruments, or equipment are necessarily the best
available for the purpose.

Food additive dispersions in water

Dispersions of the six SiO, food additive materials
were prepared in triplicate in the following way:
0.1g of dried powder of food additives were dis-
persed in 100 mL of ultrapure water (18.2 MQ cm
resistivity) to get 0.1% mass density dispersion.
Each powder sample was weighed in a plastic
weighing boat and transferred to a Pyrex media
bottle before being mixed with ultrapure water.
The shaken samples were prepared via a Thermo
MaxQ 6000 shaker at 0.105rad per s for 10 min at
25°C. The sonicated samples were prepared using
0.5-inch sonicator probe (or horn) in an ice bath
with a QSONICA Q500 sonicator for 10min in
pulse mode (20 sec on and 20 sec off) at 55% amp-
lification with a delivered power of approximately
70 W. The sonicator probe was cleaned between
samples by sonicating in a 70% (volume fraction)
ethanol solution for 20s, followed by sonicating in
deionized (DI) water for 1 min. Filtration of sam-
ple dispersions was performed with vacuum filtra-
tion systems. Subsequently, these unfiltered and
filtered dispersions of food additive were analyzed
by DLS, TEM, and spICP-MS.

Dynamic light scattering assay

Dynamic light scattering measurements were
acquired using a Zetasizer Nano ZEN3600 DLS
system (Malvern Instruments Ltd., Worcestershire,
UK). The system is equipped with a He-Ne
(633nm) laser with collection of backscattered
light at a 173° angle. The performance of this
instrument was periodically evaluated with aque-
ous dispersions of Nanosphere Size Standards.
Each size measurement was determined from 12
runs (10s each) and were analyzed in triplicate to
calculate an average diameter. The samples were
measured at 25°C and equilibrated for 120s
before measurements. All reported hydrodynamic
diameters (Dyy) were calculated from an intensity-
based particle size distribution.
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Electron microscopy

Transmission electron microscopy images were
acquired with a JEOL JEM-1400 transmission
electron microscope (Peabody, MA) operated at
acceleration voltage of 80kV. The instrument was
calibrated using a MAGi*I*CAL traceable TEM
Calibration Standard received from Ted Pella
(Redding, CA, USA). TEM samples were pre-
pared by dropping 8-10puL of the dispersion of
food additive onto formvar/carbon-coated 200
mesh copper grids and then the samples were
allowed to air dry at room temperature. No fur-
ther treatment was performed prior to imaging.
Approximately 10-15 images were taken per
samples, and all the images were similar to those
presented here. The morphology of each SiO,
food additive was characterized using TESCAN
Mira3 field emission (FE) scanning electron
microscope  (Kohoutovice, Czech Republic)
equipped with an Oxford X-Max energy disper-
sive X-ray spectroscopy (EDS) detector (Concord,
MA). Powder food additives were dusted onto
carbon tape and placed on the SEM stub before
analysis. SEM imaging was performed under an
acceleration voltage of 10kV with a working dis-
tance of approximately 10 mm.

Inductively coupled plasma-mass spectroscopy

Hydrofluoric acid digestion SiO, food additive and
SiO, NPs

Total Si mass fraction determinations were per-
formed following HF digestion of both SiO, food
additive and nanoComposix SiO, NPs. Prior to
sub-sampling, all of the samples were sonicated
for 4 min and then vortexed for 30s to resuspend
any settled solids. Nominal, 0.5g aliquots of SiO,
NPs (200, 400, and 800 nm, correspondingly) and
SiO, food additive dispersions were gravimetri-
cally transferred into individual low-density poly-
ethylene bottles (LDPE). An aliquot of 52.5pL
concentrated HF (GFS Chemicals, Inc., 48%, ACS
grade; Powell, OH) was added to all procedural
blanks, nanoComposix SiO, NPs, and SiO, food
additive dispersions to digest at room tempera-
ture for at least 48h. The digestions turned
cloudy to clear in appearance prior to dilution
with deionized water. Triplicate sample replicates

were achieved for 200 nm and 400 nm SiO, NPs,
while five replicates were made for 800 nm SiO,
NPs. As sample volume was limited for the 24-
SiO, food additive dispersions (each of the six-
food additive were prepared by the processes of
shaking, sonication, shaking plus filtration, and
sonication plus filtration for a total of 24disper-
sions), a single replicate sample was analyzed for
each dispersion for total Si mass fraction deter-
minations via ICP-OES. An aliquot of 0.6 mL of
TMAH was added to achieve a neutralized sam-
ple solution and then samples were diluted gravi-
metrically to 30g with 18.2 MQ cm deionized
water. Note: special safety precautions and the
appropriate personal protection equipment was
employed during handling of HF and TMAH.
Serial dilutions were performed prior to analysis
where 0.25, 0.25, and 0.07 g of blanks, SiO, NPs,
and SiO, food additive digests, respectively were
diluted to 60g gravimetrically with 18.2 MQ cm
deionized water in LDPE bottles.

Total Si mass fraction content via ICP-OES

A Perkin-Elmer Optima 8300 Dual View induct-
ively coupled plasma optical emission spectrom-
eter (ICP-OES; Waltham, MA) was used for
analysis of the digestion samples. Table S1 lists
the instrument parameters as well as the analytes
and requisite wavelengths measured for all
blanks, dissolved standards, and digested sample
solutions. Note the use of multiple wavelengths
measured on two separate days; this was per-
formed to observe and account for any possible
matrix effects and interferences at one particular
analyte wavelength. We did not find that there
were any apparent matrix effects or interferences.

splCP-MS measurement of SiO, food additive and
SiO;, NPs

Following total Si mass fraction determinations
of the SiO, NPs and SiO, food additive samples,
the mass fractions found were used along with an
estimated particle size to optimize dilution for
spICP-MS analysis. Prior to sub-sampling, all the
samples were sonicated for 4min and then vor-
texed for 30s to ensure a representative sample
with resuspension of any settled solids. For each
dilution, the material was transferred to a centri-
fuge tube, quartz distilled water was added, and
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then the dilution was vortexed for 30s to mix
thoroughly. Samples were bath sonicated for
4 min prior to spICP-MS measurement.

A PerkinElmer NexION 350D inductively
coupled plasma mass spectrometer (Waltham,
MA, USA) was used for the spICP-MS measure-
ments of all samples according to the parameters
in Table S2. The instrument was tuned daily to a
minimum '*°CeOQ/"*°Ce oxide level (<2%) and a
maximum ''°In sensitivity. All samples and
standards were serially diluted gravimetrically.
Silicon standards were prepared by serial gravi-
metric dilutions of NIST SRM 3150 (Silicon (Si)
Standard Solution; Lot No. 130912) in mass frac-
tions ranging from 5 to 25ng g~' and SiO, NPs
(300, 400, and 500nm) were diluted to particle
number concentrations of 18,000NP mL . SiO,
NP suspensions were prepared in quadruplicate
and measured in triplicate runs of 70s. Two
independent preparations for the SiO, food addi-
tive dispersions were measured in duplicate runs,
while Si ionic standard solutions were measured
in a single run of 70s.

The background signal for Si at m/z 28 is very
high (over 1,000,000 counts depending on the
parameters that affect instrument sensitivity),
making it difficult to detect the transient signal
from particle events hidden within the continu-
ous background signal. To fine tune the **Si sig-
nal, a nanoparticle solution was aspirated, and
the nebulizer flow rate was adjusted with the
real-time display window opened until particle
events could be seen over the background signal,
or maximum signal to noise was achieved. The
sample flow rate was set to approximately
0.12mL min ', and the uptake rate was measured
daily, in triplicate, by weighing the water uptake
after 5min of aspiration. A dwell time of 50 ps
was used for signal acquisition at m/z 28.

For the size determination of SiO, NPs sam-
ples, a response factor, expressed in counts per
ng of Si, was established from the signal inten-
sities measured for nanoComposix SiO, NPs
(Montoro Bustos et al. 2018). Assuming that SiO,
food additive and SiO, NPs are spherical and
have the density of bulk quartz (2.65g cm™),
and that the various SiO, food additive exhibits a
similar response in the ICP-MS to SiO, NPs, the
corresponding mass of each particle was
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calculated via the measured response factor and
converted to particle diameter. Since SiO, food
additive certified reference materials were not
available, the nanoComposix SiO, NPs served as
calibration standards, using in-house high-reso-
lution SEM measurements for size validation, and
number concentration values supplied by the
vendor. Three water blanks were run for blank Si
intensities to correct for background signals. For
the determination of the particle number concen-
tration of SiO, food additive, the calibration
strategy was based on the measurement of trans-
port efficiency via the particle frequency method
using these SiO, NPs (Pace et al. 2011).

Results and discussion
Sample preparation and measurement processes

For analysis, 0.1% mass density aqueous disper-
sions of SiO, additives were prepared with ultra-
pure water. The particle size distribution of these
additives might depend on the mechanical agita-
tion and can change in response to mechanical
force. For this reason, we initially prepared dis-
persions using two experimental conditions to
obtain particle sizes in representative conditions:
shaking (Shk) and sonication (Son). Although
not commonly accepted as a primary dispersal
method within the industry, sonication has been
employed as a dispersion technique in numerous
research studies (Barahona et al. 2016; Yang et al.
2016). We aim to gain a clear understanding of
how particle size distribution differs between
shaking and sonication methods. The average
particle size of the dispersion, which is expressed
as Z-average (the intensity weighted mean hydro-
dynamic diameter of a sample in nanometers)
and the polydispersity index, PdI (a measure of
the heterogeneity of a sample based on size) in
two experimental conditions were measured with
DLS (Tables S3 and S4). We have observed that
the PdI of the shaken and sonicated samples
were very high (>0.3) which made the particle
size distribution data unreliable (highlighted in
gray color in Tables S3 and S4) (Lim et al. 2015)
Therefore, for the purpose of achieving reliable
size distribution information by this technique, a
0.2 pm filtration system was used to remove large
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particles, agglomerates, and aggregates from each
sample dispersion. Also, removal of larger par-
ticles reduced the possibility of biased results
towards larger particle sizes since the particle
sizes were measured from the scattering of the
particles in DLS system. As anticipated, a signifi-
cant decrease in the PdI of all the dispersions
after filtration was observed which assured data
accuracy. The 0.2 um filtrate dispersions of SiO,
additives were used for further analysis of particle
size distribution by DLS. However, we were
unable to use 0.2pum filtrate dispersions for
spICP-MS measurements since the implementa-
tion of this filter size was on the lower end of
our spICP-MS detection limit for particle size
(170 nm). For this reason, we used dispersions
that passed through 0.8 um filtration systems for
spICP-MS size analysis.

Particle size distribution of SiO, food additive
by DLS

The average particle size and size distribution of
SiO, food additive was measured using DLS. DLS
is a very simple, rapid, and common technique
used in nano-research which provides rapid
measurements of particle size and size distribu-
tion of a sample. A comparative analysis of aver-
age particle size between shaken + filtered
(Shk + Filt) and sonicated + filtered (Son -+ Filt)
dispersions is shown in Table 1. There is a dis-
tinct difference in Z-average and the PdI between
the filtered shaken and sonicated samples in
water. The Son+ Filt samples of the six food
additives dispersions had smaller average particle
sizes (as measured by the Z-average) and a lower

Table 1. Comparison of Z-average and polydispersity index
(Pdl) between shaken filtered and sonicated SiO, food addi-
tive dispersion.*

Sample Z-Avg (diameter, nm) Pdl

SiO, A- Shk + Filt 2335 0.362
SiO, A- Son + Filt 139.7 0.212
SiO, B- Shk + Filt 217.9 0.212
SiO, B- Son + Filt 138.3 0.153
Si0, C1- Shk + Filt 144.2 0.219
SiO, C1- Son + Filt 117.9 0.167
Si0, C2- Shk + Filt 256.0 0.179
Si0, C2- Son + Filt 131.7 0.136
SiO, D1- Shk + Filt 2139 0.232
SiO, D1- Son + Filt 139.3 0.129
SiO, D2- Shk + Filt 178.1 0.175
SiO, D2- Son + Filt 149.4 0.123

*Samples were filtered with 0.22 um cut off filter.

degree of size variability (as measured by the
PdI) compared to the Shk+Filt samples. This
outcome was anticipated, as sonication is known
to effectively break down larger aggregates of
particles.

The particle size distribution graphs for all fil-
tered food additive dispersions in two experimen-
tal conditions are shown in Figure 1. Differences
can be observed between the shaken and soni-
cated samples for most of the SiO, food additive
analyzed. This is most apparent for samples A, B,
C2, and D1, where it is evident that the sonicated
samples had more particles in the nanoscale
range. As shown in Figure 1, Shk+ Filt disper-
sions had a majority of particles ranging from 20
to 1,000 nm whereas Son + Filt dispersions had a
majority of particles ranging from 50to 500 nm.
The peaks observed at the extreme ends of the
particle size distribution graph could be attrib-
uted to signal noise, signal disturbance, or factors
beyond theory. Figure 1 represents the particle
size distribution of the dispersions that were fil-
tered through 0.2 pm filtration systems. While we
did not expect to see particles above 200 nm, we
saw particles that were larger than 200nm. A
possible explanation for this is that smaller par-
ticles may have sedimented or agglomerated dur-
ing the time of measurements. The presence of
agglomerates was also visible in the data of other
analytical techniques. Samples were measured by
DLS on the same day of dispersion into water.

Characterization of SiO, food additive by electron
microscopy

The size and shape of the SiO, food additive used
in this study was also examined via electron
microscopy. To do so, we analyzed the aqueous
dispersions of additives that were prepared in four
experimental conditions (Shk, Son, Shk+ Filt and
Son + Filt) using TEM. All food additive disper-
sions prepared by only shaking and sonication
showed large agglomerates and aggregates (a few
examples were shown in Figures S1-S4). The
TEM images of shaken and sonicated samples
were so crowded with particles that we were not
able to measure the size and observe the shape of
the primary particles within aggregate; no further
dilutions were attempted. This situation was
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Figure 1. Particle size distribution by DLS of six different commercially available SiO, food additives (A, B, C1, C2, D1, and D2),
showing a comparison of two sample preparation methods: shaking and sonication.

unchanged in the TEM images of samples that
underwent filtering with 0.8 um filtration systems

(data not shown). Switching to 0.2 um

filtration

systems, although agglomerates and aggregates
were still present, we began to identify isolated
primary particles as well as primary particles
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Figure 2. Representative TEM images of SiO, food additive dispersions. Sample names are displayed at the bottom of each image,
Scale bars: SiO,-A-Shk-Filt, SiO,-A-Son-Filt, SiO,-B-Shk-Filt, SiO,-B-Son-Filt, SiO,-C1-Shk-Filt and Si0,-C1-Son-Filt:100 nm; Si0,-C2-Shk-
Filt, SiO,-C2-Son-Filt, SiO,-D1-Shk-Filt, SiO,-D1-Son-Filt, SiO,-D2-Shk-Filt and SiO,-D2-Son-Filt: 200 nm.

within aggregate. Figure 2 displays the bright field
TEM images of Shk and Son dispersions that were
filtered through a 0.2 um filtration system. Some
particles were in agglomerated/aggregated form,
perhaps caused by the drying process during sam-
ple preparation; however, the size of isolated pri-
mary particles and primary particles within
aggregate was in the nano range. It is also likely
that the agglomerates/aggregates observed in the
TEM images consist of naturally aggregated silicon
dioxide particles. While the size of the isolated
primary particle and primary particles within
aggregate was in the nano range, agglomerates
were in the size range of a few hundred nano-
meters (Figure 2). We observed negligible differ-
ences between Shk and Son samples. The shape of
the particles varied, with some appearing spher-
ical, or elliptical, and others having irregular
shapes (Figure 2). Because of agglomeration,
aggregation, and the presence of different shaped
particles, we were unable to do quantitative ana-
lysis of particle size distribution from the TEM
images.

Field emission SEM was used to examine the
morphology of the SiO, food additive particles.

We chose to use dry powder SiO, instead of
aqueous dispersion for FE-SEM analysis as we
were not able to acquire high-quality SEM images
from the dispersions. Figure 3 shows FE-SEM
images of dry food additive SiO, particles. As we
observed, the morphology of all the SiO, food
additive was similar except sample Cl. Sample
C1 was a fluffy fine powder while the other SiO,
food additive analyzed were granular. This differ-
ence was noticeable during the sample prepar-
ation process.

Total Si mass fraction determinations via ICP-OES

Results for the total Si mass fraction determina-
tions for all SiO, NPs (200nm, 400nm, and
800 nm; presented as the mean *the standard
uncertainty) and all silicon dioxide food additive
dispersions (twenty-four sample designations in
total; presented as the mean + the standard uncer-
tainty) are listed in Table S5. The standard uncer-
tainty represents the standard error of the mean,
where the standard deviation was computed
across the day 1 and day 2 measurements of the
4 Si wavelengths via ICP-OES. The SiO, NPs
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Sio, D1

Figure 3. FE-SEM images of SiO, food additive powders. Scale bars: SiO,-A, SiO,-B, Si0,-C1, Si0,-C2, SiO,-D1 and SiO,-D2: 20 um.

were used as control samples for the food addi-
tive samples. The Si mass fraction values pro-
vided by the manufacturer were expressed as
mass fractions of SiO, in units of ug g'. The
manufacturer states on the data sheets that mass
fractions were determined by gravimetric ana-
lysis. For calculation of Si, a mass percent of
46.75% Si was used as a basis for how much Si
was in each nanoparticle solution. For example,
the mass fraction (SiO,) of 10.0 ug g_1 for
400 nm SiO, NPs, constitutes an Si mass fraction
of 4680 ug g~'. Digestions were measured over
the course of two separate days and using four Si

Si0, D2

wavelengths. The Si mass fraction found in the
SiO, NPs were at least an order of magnitude
higher than the food additive samples. Three
digestions were measured for the 200 and 400 nm
SiO, NPs, while an N of 5 was used for 800 nm
SiO, NPs. However, due to limited sample vol-
ume, only one digestion replicate was analyzed
for the twenty-four food additive samples.

A clear trend can be seen when comparing the
Si mass fractions of Shk and Son samples, where
they ranged between 300 and 500 ug g~ '. In con-
trast, all of the six food additive samples (desig-
nated A, B, C1, C2, DI, and D2) that underwent
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Table 2. Results for spICP-MS characterization of SiO, food additive.

Sample Sample preparation® Mean diameter + Width (nm)© Dilution factor Modal diameter (nm) Median diameter (nm)
Si0,A Shk 368 + 135 800 324 335
Shk + Filt* - 6 - -
Son 328+93 30,000 291 311
Son + Filt 278 +57 1,400 239 272
SiO,B Shk 336+ 108 1,800 291 318
Shk + Filt 435+294 5 316 342
Son 310+ 86 180,000 303 298
Son + Filt 27957 3,000 263 277
Si0,C1 Shk 309 + 66 9,000 293.0 305
Shk + Filt* - 145 - -
Son* - 58,000 - -
Son + Filt* - 500 - -
Si0,C2 Shk 333+109 3,600 269 317
Shk + Filt 314+ 89 60 313 315
Son 334+94 170,000 272 325
Son + Filt° 279+58 5,000 270 275
SiO,D1 Shk 313+89 1,800 284 305
Shk + Filt 287 + 87 160,000 289 289
Son 298 +76 9,000 270 289
Son + Filt 280+ 60 7,000 268 277
Si0,D2 Shk 333+103 500,000 286 320
Shk + Filt 284+ 66 25,000 284 282
Son 301 £80 260,000 269 293
Son + Filt 282+59 1,000,000 293 279

2Sample preparation designation: Shk: shaken; Shk + Filt: shaken -+ filtered; Son: sonicated; Son + Filt: sonicated + filtered.

PLess than 1000 particle events observed.

“The width of the diameter was calculated as the difference between the first and third quartile range of the diameters for the measured particles.
*Sample information with a (*) designation did not contain particle events above the background signal. This does not mean that the sample did not
contain SiO, particles, but it could indicate that the particles were below the detection limit of 170 nm for our instrumental conditions.

filtration after shaking and sonication averaged
between 18 and 30ug g~ '. Table S5 reveals that
in comparison to samples that were prepared by
Shk or Son, samples that were passed through a
0.8 um filter had over 90% reduction in Si con-
tent across the board. It must be noted that the
Sample C1 ‘Son+ Filt' digest was contaminated
during sample processing; therefore, the data is
not shown.

Size distributions for SiO, food additive and SiO,
NPs via single particle ICP-MS

The parameters used for the microsecond dwell-
time acquisition single particle ICP-MS measure-
ment of SiO, food additive and SiO, NPs and
highlighted in the Table S2. Table S6 outlines the
results for spICP-MS characterization of SiO,
NPs used for calibration and validation. In-house
high-resolution SEM results found size distribu-
tions of (308.8 +10.6) nm, (367.5+12.4) nm, and
(568.8 £18.9) nm, for the 300, 400, and 500 nm
SiO, NPs, respectively with over 1,000 particles
measured (where the ‘&’ represents
expanded uncertainties, U, at the approximate
level of confidence of 95%). Single particle ICP-
MS size determinations values reported here were

value

in good agreement with high-resolution SEM val-
ues. Particle number concentration recovery
results were in agreement with the supplier
reported certificate (size distribution histograms
and cumulative diameter percentages are dis-
played in Figure S5). Quantitative recoveries
(above 85%) were found for 300, 400, and
500 nm SiO, NPs. Table 2 presents the results for
spICP-MS characterization of SiO, food additive
A through D2 that underwent four sample prep-
aration procedures; on average, more than 4,000
particles were used for statistical analysis except
for sample SiO, C2 (Son+Filt; 0.8 um filters
were employed) which yielded <1,000 measured
particle events. The size distribution histograms
and cumulative diameter percentages are dis-
played in Figure 4. The change in size amongst
the four sample preparation procedures under-
gone by the food additive samples can clearly be
seen when comparing size histograms and cumu-
lative percentage results. While there was little
change seen in the size distributions of the SiO,
NPs dispersed in water, stark differences can be
seen in the size distributions of the food addi-
tives; samples that were Son+ Filt had the nar-
rowest distribution across samples A through D2.
Nearly all of the sample processing procedures
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Figure 4. spICP-MS measured size distributions (left panels) and cumulative number size distributions (right panels) of SiO, food
additive samples that were dispersed into water by shaking (Shk), sonication (Son), shaking + filtration (Shk + Filt), or sonica-
tion + filtration (Son —+ Filt). (1) Sample A, (2) Sample B, (3) Sample C1, (4) Sample C2, (5) Sample D1, and (6) Sample D2. Solid col-
ored and dotted colored lines are for visual aid to distinguish the varying sample preparations implemented in this study.

resulted in particles in the range of 300-500 nm.
The sample processing procedures undergone by
sample A of Shk+ Filt and sample C1 of Son,
Shk + Filt, and Son + Filt produced size distribu-
tions that were below the 170nm size detection
limit for our spICP-MS method. While the
spICP-MS detection limit for SiO, NPs in this
work strictly prevents the confirmation of the
presence of primary nanosized particles (1-
100 nm), it can certainly provide valuable infor-
mation, on a particle-by-particle basis, on the
particle size distribution for the larger NP popu-
lation of diluted food additives samples by high
throughput analysis (hundreds of individual par-
ticles per minute).

Conclusions

Herein, we demonstrated a comprehensive physi-

cochemical characterization of commercially

available SiO, food additive, with a specific focus
on identifying the presence of nano-sized particles
using various analytical methods. Sample prepar-
ation played a significant role in each analytical
techniques in characterizing this commercial food
additive. Each analytical techniques required spe-
cific sample preparation procedures tailored to
their principles and requirements to obtain accur-
ate and reliable characterization data. Our analysis
by DLS and TEM confirmed that SiO, food addi-
tive contain both nanosized primary particles, as
well as larger agglomerates and aggregates, rang-
ing from sub-micrometer to micrometer sizes.
TEM images also showed that the shape of SiO,
food additive particles is varied. We also observed
the morphology of the SiO, food additive from
SEM images where most of them had a granular
structure, except one which had a fluffy structure.
As an orthogonal technique, spICP-MS also pro-
vided us particle size distribution data for particles
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greater than 170 nm, which technically fall outside
the defined range of nanosized particles. Further
improvements of spICP-MS detection limit for the
analysis of metal oxide food additive would
increase the applicability of this technique in the
field of food additive research. Our aim was to
provide a detailed analysis of SiO, food additive
without giving preference to any specific analytical
techniques as each method has its own strengths
and weakness. In summary, the presence of nano-
sized particles was apparent in the SiO, food addi-
tive samples. These data serve as a foundation for
determining the presence of nanoparticles in SiO,
food additive that are subject to regulation and
will assist the FDA in addressing current chal-
lenges in the analysis of nanosized particles in
commercial food additives.

Table S1 lists ICP-OES instrumental parameters
used to measure Si in SiO, food additive and SiO,
NPs. Table S2 lists spICP-MS instrumental parame-
ters used to measure Si in SiO, food additive and
SiO, NPs. Table S3 shows average particle size and
polydispersity index of SiO, food additive disper-
sions prepared via shaking measured by DLS assay.
Table S4 shows average particle size and polydis-
persity index of SiO, food additive dispersions pre-
pared via shaking measured by DLS assay. Table S5
lists Si mass fractions in SiO, food additive and
SiO, NPs (ug g') using ICP-OES, and Table S6
shows results for spICP-MS characterization of
SiO, NPs. Figures S1-S4 shows TEM images of
§i0,-C1-Shk, SiO,-C1-Son, SiO,-D2-Shk, and SiO,-
D2-Son respectively. Figure S5 shows spICP-MS
size distributions and cumulative number size dis-
tributions SiO, NPs.
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